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Abstract. This paper investigates the system achievable rate and optimization for
the multiple-input multiple-output (MIMO)-orthogonal frequency division multiplexing
(OFDM) system with an energy harvesting (EH) relay. Firstly we propose a time switching-
based relaying (TSR) protocol to enable the simultaneous information processing and
energy harvesting at the relay. Then, we discuss its achievable rate performance theoret-
ically and formulated an optimization problem to maximize the system achievable rate.
As the problem is difficult to solve, we design an Augmented Lagrangian Penalty Func-
tion (ALPF) method for it. Extensive simulation results are provided to demonstrate the
accuracy of the analytical results and the effectiveness of the ALPF method.
Keywords: Energy harvesting, MIMO-OFDM, Decode-and-forward (DF), Augmented
Lagrangian Penalty Function (ALPF).
1. Introduction. Energy harvesting (EH) has emerged as a promising approach to over-
come the limited energy budget of wireless networks [1]-[7] in recent years. Compared
with conventional EH sources (e.g., solar, wind, thermoelectric effects or other physical
phenomena [1]-[2]), one prospective way is to harvest energy from the ambient radio-
frequency (RF) signals [3]-[7], which is referred to as simultaneous wireless information
and energy transfer (SWIET).
The idea of SWIET was first proposed in [3], where the performance tradeoff between
the energy and information rate was studied. Later, it was widely investigated in various
models [4]-[7]. Specifically, in [4], the multi-user orthogonal frequency division multiplex-
ing (OFDM) system was considered, where the optimal design of SWIET was obtained.
In [5], a three node multiple-input multiple-output (MIMO) broadcasting system was
considered, where the rate-energy bound and region were studied.
Recently, efforts have been made to apply MIMO and OFDM technologies to wireless
communication system in order to support high data rates and provide high spectral ef-
ficiency. However, only a few works have investigated the MIMO-OFDM system with
SWIET technology [6]-[7]. Specifically, in [6] and [7], a two-hop MIMO-OFDM relaying
system was considered, where the relay employed an amplify-and-forward (AF) coopera-
tive scheme, and the optimum performance boundaries and the rate-energy region were
investigated.
In this paper, we also focus on the SWIET for a two-hop MIMO-OFDM relaying system,
where a source transmits its information to the destination with the help of an energy-
constrained relay, as the relay network has great penitential by employing some advanced
technologies, see e.g., [8, 9]. The main contributions of this paper can be summarized as
follows. Firstly, by applying the time-switching receiver architecture proposed in [10], we
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Figure 1. System model and parameters
design a transmission protocol to enable the simultaneous information processing and EH
at the decode-and-forward (DF) relay. Secondely, we discuss the system achievable rate
performance theoretically and formulated an optimization problem to explore the system
performance limit. Thirdly, as the problem is difficult to solve, we design an Augmented
Lagrangian Penalty Function (ALPF) method for it. Finally, extensive simulation results
are provided to demonstrate the accuracy of the analytical results and the effectiveness
of the ALPF method.
2. System Model and Protocol Description.
2.1. Assumptions and Notations. We consider a half-duplex two-hop DF relaying
system which consists of a source S, a destination D, and an energy-constrained relay R.
All nodes are equipped with multiple antennas, and the number of antennas at S, R, and
D are denoted by NS, NR and ND, respectively.
S has fixed energy supplying and wants to transmit information to D. We assume
that the direct link between S and D is unavailable. A relay R is used to assist the
information forwarding from S to D. R is energy constrained since it has no internal
energy source. Thus, it relies on external charging. Specifically, R harvests energy from
the received RF signals transmitted from D, and uses all the harvested energy to assist
the information relaying. We also assume that all nodes have perfect knowledge of the
channels of both hops. Broadband communication OFDM is considered in this model, and
the frequency-selective channel with total frequency band B is divided into K frequency-
flat sub-channels. Moreover, we consider the block fading channel, where the channel gain
of each sub-channels remains constant during each round of relaying transmission.
2.2. The Proposed Time Switching-based Relaying (TSR) Protocol. Fig. 1 de-
picts the main transmission process in the proposed TSR protocol. By considering the
time switching receiver architecture described in [10], the proposed TSR protocol consists
of three phases: the energy transfer phase, the information transmission from S phase and
the information relaying from R phase, as shown in Fig. 1. The time durations assigned
to each phase are αT , (1−α)T/2 and (1− α)T/2, respectively, where 0 ≤ α ≤ 1 denotes
the time assignment factor.
In the first phase, S transfers energy to R, and the received signal at R for energy
harvesting is given as y
(EH)
R,k = H1,kxk + nR,k, where H1,k ∈ C
NR×NS denotes the channel
matrix from S to R at hop 1 over the k-th subcarrier, xk denotes the transmitted signal
vector for energy transfer over subcarrier k, and nR,k ∼ CN(0, σ
2
RINR) is a NR×1 additive
white Gaussian noise (AWGN) vector at R.
Thus, the harvested energy at R over subcarrier k isER,k = αη‖H1,kxk‖
2, where 0 < η ≤
1 denotes the energy conversion efficiency. The total harvested energy over K subcarriers
can be given by E =
∑K
k=1ER,k, and note that, the total transferred energy is limited
by the available power at S, i.e.
∑K
k=1 tr(xkx
H
k ) ≤ Ps. Since all the harvested energy in
the first phase is used to relay the information in the third phase, the available transmit
power at R in the information relaying phase is given by
PR =
E
(1− α)T/2
=
2αη
1− α
K∑
k=1
‖H1,kxk‖
2 (1)
3In the second phase, i.e. the information transmission from S phase, S delivers the signal
vector sk ∈ C
NS×1 to R, and the received signal at R over the k-th subcarrier can be
represented as
yR,k =WR,kH1,kFS,ksk + nR,k (2)
where E[sks
H
k ] = INS, FS,k ∈ C
NS×NS denotes the precoding matrix at S, and WR,k ∈
CNR×NR is the receiver filter deployed at R to detect the relaying signal. Then, the
achievable rate at R is given by
RR,k = log2
∣∣I+WR,kH1,kFS,kFHS,kHH1,kWHR,kσ−2R ∣∣ (3)
In the third phase, i.e. the information relaying from R phase, R decodes the signal sk
from (2) and forwards it to D by multiplying a forwarding matrix FR,m ∈ C
NR×NR. By
considering the subcarrier pairing, we assume that the k-th subcarrier over hop-1 in the
second phase is paired with the m-th subcarrier over hop-2 in the third phase, and call
them subcarrier pair (SP) (k,m). Thus, the received signal at D over the SP (k,m) can
be expressed as
yD,m =WD,mH2,mFR,msk + nD,m (4)
where H2,m ∈ C
ND×NR denotes the channel matrix from R to D at hop 2 over the m-th
subcarrier, andWD,m ∈ C
ND×ND is the receiver filter deployed at D to detect the relaying
signal. nD,m ∼ CN(0, σ
2
DIND) is the ND × 1 AWGN vector at D. Then, the achievable
rate at D is given by
RD,m = log2
∣∣I+WD,mH2,mFR,mFHR,mHH2,mWHD,mσ−2D ∣∣ (5)
Since the achievable rate for the two-hop relaying system is bounded by the minimum
of (3) and (5), the achievable rate over the SP (k,m) is given by
Rk,m =
B
K
·
1− α
2
min(RR,k,RD,m) (6)
where B denotes the total bandwidth of the OFDM system and (1 − α)/2 results from
the transmission duty cycle loss in TSR protocol for the two-hop relaying system.
3. Achievable Rate Analysis and Optimization Problem Formulation. By per-
forming the singular value decomposition (SVD) on H1,k and H2,m, the MIMO channels
of the two-hop relaying system can be decomposed into multiple parallel independent
subchannels with different gain. Specifically, the SVD of the channel matrices is given
by Hi,q = Ui,qΛi,qV
H
i,q, where q = k for i = 1, and q = m for i = 2. Both Ui,q and V
H
i,q
are unitary, and Λi,q ∈ C
Rank(Hi,q)×Rank(Hi,q) is a diagonal matrix whose diagonal elements
{
√
λi,l}
Rank(Hi,q)
l=1 are nonzero singular values of Hi,q in descending order.
Due to the full channel state information (CSI) at all the nodes, we can use the SVD
of the channel matrices to determine the precoding matrix and receiver filter matrices
at the transmitter and receiver. Specifically, we choose the precoding matrix at S, the
forwarding matrix at R and the receiver filters deployed at R and D as FS,k =
√
PS,kV1,k,
FR,m =
√
PR,mV2,m, WR,k = U
H
1,k and WD,m = U
H
2,m, respectively, where PS,k and PR,m
denote the available transmit power at S and R, respectively.
Substituting (3) and above designed matrices into (6), the achievable rate over the SP
(k,m) can be rewritten as
Rk,m =
(1− α)B
2K
min(log2
∣∣I+ PS,kΛ1,kΛH1,kσ−2R ∣∣ , log2 ∣∣I+ PR,mΛ2,mΛH2,mσ−2D ∣∣) (7)
Though the above mentioned operations, each SP (k,m) is divided into N available
end-to-end (E2E) subchannels, where N denotes the number of available spatial sub-
channels per OFDM subcarrier over the two hops, which is bounded to the minimum
number of spatial subchannels of each hop, i.e., N = min{Rank(H1,k),Rank(H2,m)} =
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min{NS,NR,ND}. Since there are K subcarriers, the total number of effective E2E sub-
channels in the MIMO-OFDM system isKN . We introduce the subscript n
∆
= (k−1)K+l
and n′
∆
= (m − 1)K + l′ to simplify the notation, where 1 ≤ l, l′ ≤ N . As a result,
1 ≤ n, n′ ≤ KN , and the above mentioned SP (k,m) can be rewritten as SP (n, n′) which
means that the n-th subchannel over hop 1 is paired with the n′-th subchannel over hop
2. Further, we define PS,n
∆
= PSµn, PR,n′
∆
= PRµn′ , where µn and µn′ denote the power
allocating factor at S for subchannel n over hop-1 and the power allocating factor at R
for subchannel n′ over hop-2, respectively. Consequently, the achievable rate Rn,n′ over
SP (n, n′) can be expressed as
Rn,n′ =
(1− α)B
2K
min(log2(1 +
PSµnλ1,n
σ2R
), log2(1 +
PRµn′λ2,n′
σ2D
)) (8)
Thus, the achievable rate of the TSR protocol in the DF MIMO-OFDM relaying system
is given by C(TSR) =
∑KN
n=1
∑KN
n′=1 θn,n′Rn,n′, where θn,n′ ∈ {0, 1} denotes the subchannel-
paring, and the optimization problem of maximizing the achievable rate for a DF MIMO-
OFDM relaying system can be formulated as follows
max
XS,µn,µn′ ,θn,n′ ,α
C(TSR)
s.t.
KN∑
n=1
µn ≤ 1,
KN∑
n′=1
µn′ ≤ 1, µn ≥ 0, µn′ ≥ 0
K∑
k=1
tr(xkx
H
k ) ≤ PS, Xi  0
KN∑
n=1
θn,n′ = 1,
KN∑
n′=1
θn,n′ = 1, θn,n′ ∈ {0, 1}, 0 ≤ α ≤ 1
(9)
Specifically, θn,n′ = 1 means that the n-th subchannel over hop-1 is paired with the n
′-th
subchannel over hop-2. Otherwise, θn,n′ = 0. Let Xk = E{xkx
H
k } denote the covariance
matrix of xk, XS = {X1,X2, ...,Xk} indicates the energy transfer pattern at S.
4. Achievable Rate Optimization. The main ideas to solve (9) are as follows: Firstly,
only energy is delivered in the first phase, which means that onlyXS needs to be optimized
and it is independent with other variables. Thus, we could design XS independently which
will not affect the global optimality. Secondly, according to the separation principle
designed in [11], the joint channel pairing and power allocation optimization problem
can be decoupled into two separate sub-problems. So, we can optimize θ independently
without considering other variables. Thirdly, based on the optimal X♯S and θ
♯, we propose
an Augmented Lagrangian Penalty Function (ALPF) method to jointly optimize µn, µn′
and α to maximize C(TSR).
4.1. Optimal X♯S and optimal θ
♯ for TSR. To achieve the maximum energy transfer,
all power at S for energy delivery should be allocated to the subcarrier with the maximum
‖h˜
(i)
S,1‖
2, where i ∈ {1, 2, ..., K}, and h˜
(i)
S,1 denotes the first column of matric HS,iVS,i.
Theorem 4.1. The optimal subchannel pairing θ♯ is performed in the order of sorted
channel gain which means that the subchannel with i-th largest channel gain (normalized
against the noise power) over hop-1 should be paired with the subchannel with i-th largest
channel gain (also normalized against the noise power) over hop-2.
Proof: According to the separation principle in [11], the joint channel pairing and power
allocation optimization problem can be operated in a separated manner, and the optimal
channel pairing is performed individually at the relay in the order of sorted channel gain.
54.2. Joint optimal µn, µn′ and α for TSR. According to the max-flow min-cut theo-
rem, the achievable rate of each subchannel is limited by the minimal rate over the two
hops. Thus, the rates of two hops are equal to each other when C(TSR) is maximized.
Further, by substituting the optimal X♯S and θ
♯ obtained from subsection 4.1 into (9), the
original optimization problem can be rewritten as follows
min
µn,µn′ ,α
(α− 1)B
2K
KN∑
n=1
log2(1 +
PSµnλ1,n
σ2R
)
s.t.
KN∑
n=1
µn ≤ 1,
KN∑
n′=1
µn′ ≤ 1, µn ≥ 0, µn′ ≥ 0
PSµnλ1,n
σ2R
=
PRµn′λ2,n′
σ2D
, for θn,n′ = 1, 0 ≤ α ≤ 1
(10)
It can be observed that the problem in (10) is still a nonlinear and non-convex optimiza-
tion problem which is difficult to solve. Here, we introduce an Augmented Lagrangian
Penalty Function (ALPF) method [12]-[13] to find the joint optimal µn, µn′ and α.
The unconstrained augmented Lagrangian penalty function of (10) can be written as
P (x, ν, σ) =
(α− 1)B
2K
KN∑
n=1
log2(1 + Anµn)− ν1(
KN∑
n=1
µn + S1 − 1)− ν2(
KN∑
n′=1
µn′ + S2 − 1)
−
∑
(n,n′)
νn,n′(Anµn −
2α
1− α
Bn′µn′) +
1
2
σ1(
KN∑
n=1
µn + S1 − 1)
2 +
1
2
σ2(
KN∑
n′=1
µn′ + S2 − 1)
2
+
∑
(n,n′)
1
2
σn,n′(Anµn −
2α
1− α
Bn′µn′)
2
(11)
where An =
PSλ1,n
σ2R
, Bn′ =
PRλ2,n′
σ2D
, x = (α, µn, µn′, S1, S2), S1 and S2 are positive slack
variables, ν and σ denote the Lagrangian multipliers and the penalty parameter, respec-
tively. We also define the constraint violation function as C(−)(x) = (
∑KN
n=1 µn + S1 −
1,
∑KN
n′=1 µn′ + S2 − 1, Anµn −
2α
1−α
Bn′µn′)
In the k-th iteration, with ν
(k)
i and σ
(k)
i , x
(k+1) can be obtained by
x
(k+1) = argminP (x(k), ν(k), σ(k)) (12)
Then the lagrange multipliers can be updated as ν
(k+1)
1 = ν
(k)
1 −σ
(k)
1 (
∑KN
n=1 µ
(k+1)
n +S
(k+1)
1 −
1), ν
(k+1)
2 = ν
(k)
2 − σ
(k)
2 (
∑KN
n′=1 µ
(k+1)
n′ + S
(k+1)
2 − 1) and ν
(k+1)
n,n′ = ν
(k)
n,n′ − σ
(k)
n,n′(Anµ
(k+1)
n −
2α(k+1)
1−α(k+1)
B
(k+1)
n′ µ
(k+1)
n′ ). And the penalty parameters can be updated by
σ
(k+1)
1 =
{
σ
(k)
1 , if |
∑KN
n=1 µ
(k+1)
n + S
(k+1)
1 − 1| ≤
1
4 |
∑KN
n=1 µ
(k)
n + S
(k)
1 − 1|,
max{10σ
(k)
1 , k
2}, otherwise.
(13)
σ
(k+1)
2 =
{
σ
(k)
2 , if |
∑
µ
(k+1)
n′ + S
(k+1)
2 − 1| ≤
1
4 |
∑
µ
(k)
n′ + S
(k)
2 − 1|,
max{10σ
(k)
2 , k
2}, otherwise.
(14)
σ
(k+1)
l,l′ =
{
σ
(k)
n,n′ , if |(Anµ
(k+1)
n −
2α(k+1)
1−α(k+1)
B
(k+1)
n′ µ
(k+1)
n′ )| ≤
1
4 |(Anµ
(k)
n −
2α(k)
1−α(k)
B
(k)
n′ µ
(k)
n′ )|,
max{10σ
(k)
n,n′ , k
2}, otherwise.
(15)
We present the main steps of ALPF method as shown in Algorithm 1.
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Figure 2. (a) Optimal system achievable rate: numerical vs simulation
(b) Optimal α vs φ
Algorithm 1 ALPF Algorithm
1: Initialize x(0), ν
(0)
i and σ
(0)
i . k = 0 denotes the number of iterations.
2: Solve (12) through the projected-gradient method to obtain x(k+1).
If ‖C(−)(x(k+1))‖∞ ≤ ǫ, algorithm ends. Otherwise, go to Step 3.
3: Update the penalty parameters in terms of (13)-(15).
4: Update the Lagrange multipliers.
k = k + 1, and return to step 2.
5. Numerical Example. In this section, we provide some numerical results. The dis-
tance between S and D, which is denoted as dSD, is used to be the reference distance, and
the path loss factor is set to be 4. The variable φ ∈ (0, 1) denotes the ratio of the distance
between S and R, i.e. dSR = φdSD. Unless specifically stated, we set η = 1, and the total
system bandwith is set to beB = 1kHz, so that each subcarrier is allocated with 1/KkHz.
The total receiving noise at R and D over the total bandwidth is set to be 10−6W, so that
the noise over each subchannel is set to be σ2R = σ
2
D =
10−6
K
W. In Algorithm 1, the initial
parameters are set as x(0) = (0.5, 1/KN, 1/KN, 0.05, 0.05), ν
(0)
i = 0 and σ
(0)
i = 1.
To show the performance gain of the optimized TSR, we also show the results of a
non-optimized scheme as a benchmark. In the non-optimized scheme, α is set to be 0.5,
µn and µn′ are set as µn =
λ1,n
∑KN
n=1 λ1,n
and µn′ =
λ1,n′
∑KN
n′=1 λ1,n′
, which is proportional to the
singular value of each sub-channel.
Fig. 2(a) verifies our theoretical analysis and the proposed ALPF algorithm. It can
be seen that, for different available power PS at S, the simulation results closely match
with the numerical results. Moreover, the system achievable rate achieves higher with the
increment of PS due to the fact that high PS leads to high SNR for the system. Fig. 2(a)
also shows the effect of relay location on the system achievable rate. Specifically, as φ
increases, the achievable rates first decrease and then increase, and achieve the minimum
when the relay is deployed in the middle of S and D. Fig. 2(b) shows the optimal α versus
φ. It can be observed that, as φ increases, the optimal α first increases and then decreases.
This is due to the fact that, when R is far away from S, the energy harvesting efficiency
becomes lower, R needs higher α to collect enough energy to decode the information from
S. And when R is close to D, the channel quality of R-D link gets better, R needs less
energy to relay the information for D, which makes α get lower.
Fig. 3 shows the effect of the number of antenna N on the system achievable rate. In
the simulations, K is set to be 2, and N increases from 2 to 6. It can be observed that
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Figure 3. System performance vs the number of antennas N
the system achievable rate increases as the number of antennas increases. This is due to
the fact that more antennas yields more spacial subchannels, thus higher multiplex gain
over subchannels can be achieved.
6. Conclusions. In this paper, we investigated the DF MIMO-OFDM relaying system
with an EH relay. We first proposed a TSR protocol for the MIMO-OFDM relaying
system. Then, in order to explore the system performance limit, we formulated an op-
timization problem to maximize the system achievable rate, and we also proposed an
ALPF method to solve it. Moreover, the effects of the relay location and the number of
antennas on the system performance were also discussed. Numerical results verify our
theoretical analysis on the system achievable rate and the effectiveness of our proposed
ALPF method. In the future, the performance of SWIET in the DF MIMO-OFDM
relaying system will be discussed for the case that the CSI is imperfect.
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